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a b s t r a c t 
Under tritium production method using a high-temperature gas-cooled reactor loaded Li compound, Li 
compound has to be coated by ceramic materials in order to suppress the spreading of tritium to the 
whole reactor. Pyrolytic carbon (PyC) is a candidate of the coating material because of its high resis- 
tance for gas permeation. In this study, hydrogen permeation experiments using a PyC-coated isotropic 
graphite tube were conducted and hydrogen diffusivity, solubility and permeability were evaluated. Tri- 
tium permeation behavior through PyC-coated Li compound particles was simulated by using obtained 
data. Hydrogen permeation ﬂux through PyC in a steady state is proportional to the hydrogen pressure 
and is larger than that through Al 2 O 3 which is also candidate coating material. However, total tritium 
leak within the supposed reactor operation period through the PyC-coated Li compound particles is lower 
than that through the Al 2 O 3 -coated ones because the hydrogen absorption capacity in PyC is considerably 
larger than that in Al 2 O 3 . 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introdiction 
Fuel tritium for a fusion reactor is produced by nuclear re-
ctions of neutrons and Li ceramic materials in its blanket dur-
ng an operation. However, it is necessary to prepare tritium for
he initial term of the operation by a different method. Although
stablishment of tritium production method for launching a fu-
ion reactor is an important issue, an external source produc-
ng suﬃcient tritium does not exist currently. It was evaluated
hat a high-temperature gas-cooled reactor (HTGR) loaded with
eramic-coated Li-compound is attractive as a tritium production
evice utilizing nuclear reactions by neutron and Li [1] . HTGR
as advantageous features for tritium production such as a use
f low neutron-absorbing materials, an enough space to load Li-
ompound in the reactor core, and a little design change when Li
s installed into the place of boron which is a burnable poison. 
From viewpoints of tritium safety and recovery eﬃciency, the
preading of the produced tritium to the whole reactor has to be∗ Corresponding author at: 6-1, Kasuga-koen, Kasuga, Fukuoka 816-8580, Japan. 
E-mail address: kadzu@nucl.kyushu-u.ac.jp (H. Ushida). 
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temperature gas-cooled reactor for fusion reactors, Nuclear Materials averted. Although the conﬁnement of produced tritium by ceramic
oating is conceived, it is known that tritium can easily permeate
hrough materials at high temperature. Yamashita et al. [2] pro-
osed using Al 2 O 3 -coated LiAlO 2 particles for tritium breeding in
he blanket of a fusion reactor and evaluated the tritium leak rate
rom the particles. Katayama et al. [3] conducted hydrogen perme-
tion experiments in commercial Al 2 O 3 tubes and evaluated hydro-
en permeability, diffusivity, and solubility. In their study, tritium
ermeation behavior from Al 2 O 3 -coated Li-compound particle was
imulated and an effect of Zr incorporation into Al 2 O 3 coating on
ritium permeation was discussed. Nakaya et al. [4] proposed us-
ng cladding tubes of Li compound for tritium production because
 tube-shape has a small surface area for tritium permeation in
omparison with total surface area of large number particles. Their
eport showed that loading Li compound as the cladding tubes can
ecrease tritium permeation compared with loading as particles of
i compound. Pyrolytic carbon (PyC) is a candidate of coating ma-
erial on Li compound for suppressing tritium permeation because
yC has high heat resistance and gas impermeability. PyC coating
s applied in fuel UO 2 particles for HTGR. Nishikawa et al. [5] ob-
ained diffusivity and solubility for hydrogen in isotropic graphite
y using the absorption-desorption method. Causey et al. [6]Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
vior through pyrolytic carbon in tritium production using high- 
nd Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.09.004 
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Fig. 1. Schematic diagram of experimental apparatus. 
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Fig. 2. Temperature distribution in the ﬂow direction. 
f  
r  
a  
o  
f  
w  
s  
i  
s  
e
 
o  
t  
d  
o  
a  
ﬁ  
p  
p  
A
 
o  
i  
f
3
3
 
t  
t  
g  
i  
m  
g  
p  
s  
t  
o  
p  
g  
d  
b  
c  
e  
h  
a  measured tritium diffusivity and deuterium solubility for laminar
pyrolytic carbon. In their reports, the diffusivity was obtained by
the tritium release from laminar PyC into which tritium was in-
jected through neutron transmutation of 6 Li, and solubility was
obtained by the absorption-desorption method. These two papers
suggest that tritium permeation through carbon coating is ex-
pected to be much low. However, experimental data for hydrogen
isotope permeation through PyC coating is scare. 
In the present study, hydrogen permeation experiments using
PyC-coated graphite tube were conducted and hydrogen perme-
ability, diffusivity, and solubility were evaluated. Moreover, tritium
permeation behavior from PyC-coated Li compound particles was
simulated in order to verify tritium conﬁnement performance of
PyC. 
2. Experimental 
Hydrogen permeation experiments were conducted by using
the co-current double tube method. The schematic diagram of
experimental apparatus is shown in Fig. 1 . PyC-coated isotropic
graphite tube (PyC: PYROGRAPH®, Isotopic graphite: IG-110, Toyo
Tanso Co., Ltd) was used as a sample tube. The sample tube is
400 mm in length, 7.2 mm in inner diameter, 1.1 mm in thickness.
The thickness of PyC layer is 40 μm. 40 mm of the both ends of the
graphite tube is not coated by PyC because the both ends are fas-
tened to the experimental apparatus. Therefore the length of PyC
coating on the graphite tube is 320 mm. The sample PyC coating
has a dense columnar structure. From the information provided by
the manufacturing company, the bulk density is 2.2 g/cm 3 and the
diameter of a column is a few 10 μm. The density of PyC coating is
larger than that of isotropic graphite substrate, 1.77 g/cm 3 . Because
the theoretical density of monocrystalline graphite is 2.26 g/cm 3 ,
the porosity of PyC coating is calculated to be 2.65% and the poros-
ity of isotropic graphite substrate is calculated to be 21.7%. 
The sample tube was concentrically placed in a quartz tube,
27.2 mm in inner diameter. Ar or He gas was introduced into the
outer channel, and 2% or 20 0 0 ppm H 2 /Ar or H 2 /He gas was in-
troduced into the inner channel. The concentration of hydrogen
permeated from the inner channel to the outer channel was mea-
sured by a gas chromatograph (GC: Tracera by SHIMAZU Co.). Gas
ﬂow rates were set as to obtain optimal hydrogen concentrationPlease cite this article as: H. Ushida et al., Tritium permeation beha
temperature gas-cooled reactor for fusion reactors, Nuclear Materials aor GC measurement through preliminary experiments. The ﬂow
ates were controlled by mass ﬂow controllers and conﬁrmed by
 soap-ﬁlm ﬂow meter. A thermocouple which contacted on the
uter surface of the central portion of the quartz tube was used
or controlling the furnace temperature. The preset temperatures
ere 70 0, 750 and 80 0 ºC. Another thermocouple inserted into a
ingle-sealed quartz tube, 2.7 mm in outer diameter, was inserted
nto the sample tube. This thermocouple was slid up and down in-
ide the quartz tube to measure the temperature distribution. The
xperimental conditions are shown in Table 1. 
Hydrogen diffusivity, D, solubility, S and permeability, K were
btained by the curve ﬁtting method because the sample tube has
emperature distribution and hydrogen pressure distribution. Hy-
rogen concentration changing with time in the outlet gas of the
uter channel was numerically calculated considering the temper-
ture distribution and parameters of S and D were varied so as to
t the all experimental data. The numerical calculation model re-
orted by Shiraishi et al. [7] was applied in this work. The same
rocedure was applied in hydrogen permeation experiment for
l 2 O 3 in the present authors’ previous work [3] . 
The measured temperature distribution are shown in Fig. 2 with
pen symbols. The solid curves, which were used for the numer-
cal calculation, are the temperature distribution represented by a
unction of the distance from the inlet of the sample tube. 
. Results and discussion 
.1. Hydrogen permeation experiments 
In each experiment, the rapid increase of hydrogen concentra-
ion appeared immediately just after H 2 /Ar or H 2 /He was input to
he inner channel. This is due to the fast permeation of hydro-
en through the both ends of uncoated graphite. After the rapid
ncrease, hydrogen concentration increased gradually by the per-
eation through PyC-coated graphite. The results of the hydro-
en permeation through PyC-coated graphite in steady state in ex-
eriment 1 and 2 are shown in Fig. 3 . The inner hydrogen pres-
ure and the outer hydrogen concentration at the outlet are ob-
ained by considering the rapid permeation through the both ends
f sample tube. The hydrogen concentration is approximately pro-
ortional to the inner hydrogen pressure. This implies that hydro-
en permeation through the PyC coating in a molecular form is
ominant under the steady state condition. A model of hydrogen
ehavior in PyC-coated isotropic graphite is proposed as schemati-
ally shown in Fig. 4 by considering the model proposed by Atsumi
t al. [8] . Here, dense columns are regarded as graphite grains. It
as been known that hydrogen dissolves in graphite grains in an
tomic form. Therefore, it is considered that hydrogen dissolves invior through pyrolytic carbon in tritium production using high- 
nd Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.09.004 
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Table 1 
Experimental conditions. 
Temp [ ºC] Inner gas Outer gas Inner ﬂow rate [cc/min] Outer ﬂow rate [cc/min] 
Experiment 1 800 2%H 2 /Ar Pure Ar 107 .4 52 .3 
Experiment 2 800 20 0 0 ppm H 2 /Ar Pure Ar 108 .8 53 .1 
Experiment 3 750 20 0 0 ppm H 2 /He Pure He 115 .7 53 .4 
Experiment 4 700 20 0 0 ppm H 2 /Ar Pure Ar 108 .5 52 .9 
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Fig. 3. Hydrogen pressure dependence of outer hydrogen concentration at outlet. 
Fig. 4. Model of hydrogen behavior in PyC coated-isotropic graphite. 
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Fig. 6. Hydrogen concentration at outer outlet and curve ﬁtting in experiment 2. 
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D  
S  
K  olumnar grains in an atomic form and hydrogen atoms penetrate
olumnar grains. On the other hand, it is assumed in this model
hat hydrogen dissolves in the boundary of columnar grains in a
olecular form and hydrogen molecules migrate in the bound-
ries. On the pathway, a certain amount of hydrogen molecules
issolve from the boundaries into the columnar grains. Because the
ermeation of hydrogen molecules through the grain boundaries
path 2) is dominant compared with the permeation of hydrogen
toms through the columnar grains (path 3), the permeation ﬂux
s proportional to the pressure of hydrogen molecules. The perme-
tion rate of hydrogen molecules through the pore networks in the
sotropic graphite (path 1) is surely much higher than that through
he PyC coating because of higher porosity. 
The results of hydrogen permeation obtained in experiments 2,
 and 4 are shown in Fig. 5 . Initial increase of hydrogen concentra-
ion by the permeation of hydrogen through the bare graphite atPlease cite this article as: H. Ushida et al., Tritium permeation beha
temperature gas-cooled reactor for fusion reactors, Nuclear Materials ahe both ends are different in each experiment. This is caused by
he length shortening of the part of bare graphite. The tube ends
trongly adhered to joints after the experiment, and the tube ends
hipped slightly every time when the sample tube was detached
rom the apparatus. The curved lines in this ﬁgure are the numer-
cally calculated curves. Solubility and diffusivity were evaluated
y the ﬁtting method in experiments 2, 3 and 4. Fig. 6 shows the
hange of hydrogen concentration by the permeation through the
yC coating at 800 ºC. The calculated curve agrees with the exper-
mental one. It took about 70 h to reach a steady state of outer
ydrogen concentration. Diffusivity, solubility and permeability of
ydrogen in PyC were obtained as follows, 
 = 3 . 7 × 10 −9 exp ( −1210 0 0 / RT ) 
[
m 2 / s 
]
, (1)
 = 9 . 46 exp ( 90 0 0 / RT ) 
[
mol / m 3 / Pa 
]
, (2)
 = 3 . 5 × 10 −8 exp ( −1120 0 0 / RT ) [ mol / m / s / Pa ] , (3)vior through pyrolytic carbon in tritium production using high- 
nd Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.09.004 
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Fig. 7. Permeation ﬂux of hydrogen isotopes in PyC and Al 2 O 3 . 
Fig. 8. Diffusivity of hydrogen isotopes in PyC and Al 2 O 3 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Schematic illustration of ceramic-coated Li compound particle. 
Fig. 10. Simulation of total tritium leak from ceramic-coated Li compound particles. 
Fig. 11. Simulation of tritium pressure in the ceramic-coated Li compound particle. 
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t  where R is gas constant (J/mol/K) and T is temperature (K). K was
determined by the relation of K = D × S . As previously mentioned,
grain boundaries are considered to be the main diffusion path of
hydrogen. The above-mentioned diffusivity and solubility are ap-
parent values evaluated for macroscopic volume and not speciﬁc
for grain boundaries. In other words, the values of diffusivity and
solubility should vary with the grain boundary density. 
Hydrogen permeation ﬂux in PyC and Al 2 O 3 under the sam-
ple condition is shown in Fig. 7 . The permeation ﬂux in PyC ob-
tained in this work is much higher than any other ones. The dif-
fusivity in PyC and Al 2 O 3 is shown in Fig. 8 . The diffusivity ob-
tained in this work is considerably lower than that in Al 2 O 3 re-
ported by Katayama et al. [2] and Serra et al. [9] but higher than
that reported by Causey et al. [6] . When the hydrogen permeation
through a material is evaluated or simulated, it is appropriate that
the data obtained by hydrogen permeation experiment through the
material are used. Therefore diffusivity and solubility obtained in
this work were used for the numerical calculation in next section. 
3.2. Numerical simulation of tritium permeation from ceramic-coated 
Li compound particles 
PyC and Al 2 O 3 are candidate materials of ceramic coating to
suppress tritium permeation from Li compound. Tritium perme-
ation through PyC-coated or Al 2 O 3 -coated Li compound particles
was simulated by using hydrogen diffusivity and solubility ob-
tained in this work for PyC and obtained by Katayama et al. forPlease cite this article as: H. Ushida et al., Tritium permeation beha
temperature gas-cooled reactor for fusion reactors, Nuclear Materials al 2 O 3 . The particle structure assumed in this simulation is shown
n Fig. 9 . Li compound is coated with low density coating for gas
eservoir and high density coating for tritium permeation barrier.
he density of permeation barrier was assumed to be same as the
ensity of Al 2 O 3 or PyC used in the permeation experiments. The
i compound is sphere with a diameter of 0.55 mm, the thickness
f low density coating is 0.125 mm, and the thickness of high den-
ity coating is 0.1 mm. The porosity of Li compound is 0.1 and that
f low density coating is 0.6. The number of particle is 10 9 and
ritium production rate is 600 g/180 day in whole reactor core. In
his simulation, it is assumed that tritium produced from Li imme-
iately forms T 2 molecules, and T 2 pressure in the out of coating
s negligibly low. 
The results of the simulation are shown in Fig. 10 . Total tri-
ium leak at 50 0, 60 0, 70 0 and 80 0 ºC in the case of using PyCvior through pyrolytic carbon in tritium production using high- 
nd Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.09.004 
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[nd at 500 and 800 ºC in the case of using Al 2 O 3 are comparted
n this ﬁgure. If Al 2 O 3 is used as coating, almost all the produced
ritium permeates to the outside of coating at over 500 ºC. In the
ase of using PyC, almost all tritium also permeates to the outside
t 800 ºC. As the temperature is lowered, however, tritium perme-
tion rate decreases and total leak is 0.085 g at 500 ºC for 180 days
hich is about 0.014% of total tritium produced in the particles.
his is due to low diffusivity and high solubility of hydrogen in PyC
s compared with Al 2 O 3 . Fig. 11 shows the calculated results for
ritium pressure in the particle. When PyC is used as coating, the
ressure in the particle is lower than that using Al 2 O 3 . It means
hat a larger amount of tritium is absorbed in PyC. It is expected
hat PyC coating has high suppression effect of tritium permeation
ecause PyC coating has a large absorption capacity for tritium and
he permeation rate is considerably small in the low temperature
ondition of HTGR operation. 
. Conclusion 
In the present study, hydrogen permeation experiments were
onducted by using a PyC-coated isotropic graphite tube and hy-
rogen diffusivity, solubility and permeability were evaluated. ThePlease cite this article as: H. Ushida et al., Tritium permeation beha
temperature gas-cooled reactor for fusion reactors, Nuclear Materials aermeation ﬂux of hydrogen through PyC in a steady state is pro-
ortional to the pressure of hydrogen and is higher than that of
l 2 O 3 . The hydrogen diffusivity in PyC is considerably smaller than
hat in Al 2 O 3 . Tritium permeation from PyC-coated and Al 2 O 3 -
oated Li compound particles were simulated. Almost all the pro-
uced tritium permeates to the outside of PyC coating at 800 ºC.
owever, total tritium leak until 180 days can be suppressed to
.014% of total produced tritium at 500 ºC. 
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